A Subset of TAFIIs Are Integral Components of the SAGA Complex Required for Nucleosome Acetylation and Transcriptional Stimulation  by Grant, Patrick A et al.
Cell, Vol. 94, 45±53, July 10, 1998, Copyright 1998 by Cell Press
A Subset of TAFIIs Are Integral Components
of the SAGA Complex Required for Nucleosome
Acetylation and Transcriptional Stimulation
FACT, has been isolated and demonstrated to promote
transcript elongation (Orphanides et al., 1998).
In addition to these chromatin remodeling activities,
posttranslational modifications of the core histones
within the nucleosome have also been linked to the
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served lysine residues within the amino-terminal do-³Department of Molecular Biotechnology
University of Washington Health Sciences Center mains of all four core histones (reviewed in Turner, 1998).
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during nucleosome assembly (Roth and Allis, 1996),
higher order packing of chromatin (Fletcher and Hanson,
1996), and the transcriptional activity of cellular chroma-Summary
tin (Turner and O'Neill, 1995; Turner, 1998). Acetylation
of the histone tails also affects interactions of nonhis-A number of transcriptional coactivator proteins have
tone proteins with histones (Hecht et al., 1995; Edmond-been identified as histone acetyltransferase (HAT)
son et al., 1996). Correlations between transcription andproteins, providing a direct molecular basis for the
acetylation are reinforced by studies demonstrating thatcoupling of histone acetylation and transcriptional
active chromosomal domains are hyperacetylated (Boneactivation. The yeast Spt-Ada-Gcn5-acetyltransfer-
et al., 1994; Edmondson et al., 1996; Johnson et al.,ase (SAGA) complex requires the coactivator protein
1998), while inactive or heterochromatin domains areGcn5 for HAT activity. Identification of protein sub-
hypoacetylated (Braunstein et al., 1993; Jeppesen andunits by mass spectrometry and immunoblotting re-
Turner, 1993).vealed that the TATA binding protein±associated fac-
The acetylation of histones is catalyzed by histonetors (TAFIIs) TAFII90, -68/61, -60, -25/23, and -20/17
acetyltransferases (HATs) and reversed by the action ofare integral components of this complex. In addition,
histone deacetylases (HDACs). These activities are oftenTAFII68 was required for both SAGA-dependent nu-
found to be associated with large multisubunit proteincleosomal HAT activity and transcriptional activation
complexes that contain components with identity or ho-from chromatin templates in vitro. These results illus-
trate a role for certain TAFII proteins in the regulation of mology to known regulators of transcription (reviewed
gene expression at the level of chromatin modification in Struhl, 1998). Several previously characterized tran-
that is distinct from the TFIID complex and TAFII145. scriptional coactivators are now known to possess his-
tone acetyltransferase (HAT) activity, providing a direct
Introduction molecular link between histone acetylation and gene
activation (reviewed in Wade et al., 1997; Grant et al.,
In the eukaryotic cell nucleus, DNA is packaged by his- 1998). In the budding yeast Saccharomyces cerevisiae,
tones into nucleosomes, the repeating subunits of chro- the coactivator/adaptor protein Gcn5 is involved in the
matin. The nucleosome core particle consists of 146 bp regulation of a variety of genes (Georgakopoulos and
of DNA wrapped around an octameric complex of core Thireos, 1992; Brandl et al., 1996; Martens et al., 1996;
histones (two each of H2A, H2B, H3, and H4). Packaging Saleh et al., 1997; Welihinda et al., 1997). The HAT func-
of DNA into chromatin strongly inhibits transcription, at tion of Gcn5 is required for both promoter-directed his-
least in part, by hampering the binding of transcriptional tone acetylation and Gcn5-mediated transcriptional ac-
activators and basal transcription machinery to their tivation in vivo (Kuo et al., 1998; Wang et al., 1998). In
cognate DNA sites (Owen-Hughes and Workman, 1994; vitro studies have demonstrated that recombinant Gcn5
Paranjape et al., 1994) and by inhibiting transcription acetylates free histones, but not nucleosomal histone
elongation (Orphanides et al., 1998). A number of chro- substrates (Brownell et al., 1996). However, Gcn5 is part
matin remodeling activities have been isolated that as- of large multisubunit complexes in yeast, in which Gcn5
sist activators in binding to their recognition sites and obtains the ability to acetylate nucleosomal histones
promote a localized alteration in chromatin structure. (Grant et al., 1997; Horiuchi et al., 1997; Pollard and
These remodeling complexes include Drosophila NURF Peterson, 1997; Ruiz-Garcia et al., 1997; Saleh et al.,
(Tsukiyama and Wu, 1995), ACF (Ito et al., 1997), CHRAC 1997), indicating that additional subunits contribute tar-
(Varga-Weisz et al., 1997), SWI/SNF from yeast (CoÃ teÂ et geting and specificity functions.
al., 1994; Cairns et al., 1996a) and humans (Kwon et al., The SAGA complex is one such Gcn5-dependent HAT
1994; Wang et al., 1996), and yeast RSC (Cairns et al., complex and contains at least two groups of gene prod-
1996b). However, chromatin remodeling is not sufficient ucts isolated in separate genetic selections (Grant et
for productive RNA polymerase II±dependent transcrip- al., 1997, 1998). The first of these are the Ada proteins
tion in vitro, and recently an additional human complex, Gcn5, Ada1, Ada2, Ada3, and Ada5, isolated as proteins
that interact functionally with the transcriptional activa-
tor Gcn4 and the activation domain derived from the§To whom correspondence should be addressed.
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Figure 1. Purification of the SAGA Complex
(A) Schematic representation of the chromatographic purification of SAGA, as determined by HAT assays and Western blotting. Elution of
bulk TFIID, as determined by Western blotting using anti-TAFII145 antiserum, is also indicated.
(B) Elution of the SAGA complex from the final Mini Q column. Absorbency at 280 nM, HAT activity and silver staining of peak protein fractions
eluted from the Mini Q column. Fluorogram of HAT assays and silver staining indicate that SAGA elutes in a single protein peak.
herpes virus activator VP16. The second group com- complex in transcriptional activation. We have purified
the native SAGA complex from S. cerevisiae and identi-prises all members of the TBP-related set of Spt pro-
teins, Spt3, Spt7, Spt8, and Spt20, with the exception fied components of the complex by mass spectrometry.
In addition to the known Ada and Spt components, theseof TBP itself (reviewed in Grant et al., 1998). The genes
encoding the Spt proteins were isolated as suppressors results identified a subset of TAFII proteins as integral
components of SAGA. The association of TAFII proteinsof transcription initiation defects caused by promoter
insertions of the transposable element Ty. The finding with SAGA was confirmed by Western blotting and
includes TAFII90, TAFII68/61, TAFII60, TAFII25/23, andthat ADA5 is identical to SPT20 suggested that Ada and
Spt proteins may function in the same physiological TAFII20/17. In addition, utilizing mutant yeast strains, we
demonstrate that TAFII68 is required for the integrity,pathways. Indeed, genetic studies indicate that SAGA
contains functions involved in transcriptional activation nucleosomal acetylation, and transcriptional stimulatory
activities of SAGA. These results illustrate a role forwhich encompass both ada and spt phenotypes (Marcus
et al., 1996; Roberts and Winston, 1996, 1997). In vitro, certain TAFII proteins in the regulation of gene expres-
sion at the level of chromatin modification, which isthe SAGA complex promotes acetyl-CoA-dependent
transcriptional activation from promoter templates oc- distinct from the TFIID complex.
cupied by nucleosomes,but not free DNA, furtherunder-
scoring the importance of SAGA HAT function in the Results
regulation of gene expression (Steger et al., submitted).
Moreover, acidic activators can physically interact with Identification of TAFIIs as Components of SAGA
Native SAGA complex was purified from yeast whole-purified native SAGA complex, and GAL4-VP16 targets
acetylation and transcriptional enhancement by SAGA cell extracts, using a strategy adapted from Grant et al.
(1997). Elution of SAGA from each column, depicted in(Utley et al., 1998).
The other components of the 1.8 MDa SAGA complex Figure 1A, was monitored by a combination of HAT
assays and Western blotting utilizing antisera againsthave not been previously identified and could provide
important insights into the participation of the SAGA known components of the complex. Importantly, the
TAFII Components of the SAGA Complex
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Figure 2. Identification of TAFIIs as Components of SAGA
(A) Silver stain gel of the SAGA complex. The single peak SAGA fraction from the final Mini Q column (Figure 1) was analyzed by silver staining
of proteins separated on a 4%±20% SDS polyacrylamide gel. The components of SAGA identified by mass spectrometry are grouped according
to their three different classes of transcriptional regulators, namely Adas, Spts, and TAFIIs. The position of a protein, which may represent
TAFII20/17, is also indicated.
(B) Fluorogram of HAT assays and Westernblots of purified SAGA. Fractions from the final Superose 6 column were incubated with nucleosomes
and assayed for HAT activity or assayed by Western blotting with the indicated antisera. The position of histones H3 and H4 are indicated,
as determined by Coomassie staining of the same gel.
(C) Immunoprecipitation of the SAGA complex. Purified SAGA complex was incubated with anti-TAFII25, TAFII145, or Spt3 antisera immobilized
on protein A±Sepharose beads. A fluorogram of HAT reactions performed with free histones and either 20% of input material (In), 25% of
supernatants (S), or 20% of beads (B).
elution of bulk TFIID, as judged by Western blotting regulation at some promoters (Shen and Green, 1997;
Tansey and Herr, 1997; Walker et al., 1997). TBP andagainst TAFII145/130, was predominantly found to be in
the flowthrough of the initial Ni-NTA agarose column the TAFII proteins TAFII145/130,-47 and -150/Tsm1 were
not identified as components of SAGA (Figure 2B). While(Figure 1A). SAGA eluting from the final Mini Q column
was tested for HAT activity and analyzed by silver stain- these are negative results, the antisera raised against
each of these was able to detect these proteins in earliering. SAGA was found to elute in a single predominant
protein peak, and a number of protein bands were found columns, indicating that they should have detected
these proteins in Figure 2B if they were present. TAFII145to coelute tightly with the HAT activity of the SAGA
complex (Figure 1B). has been shown to possess HAT activity (Mizzen et
al., 1996), implicating TFIID in controlling the access ofPeak fractions from the final gel filtration Superose 6
column (Figure 1A) were precipitated and electropho- nucleosome-bound promoter sequences to the basal
resed through a 4%±20% SDS-polyacrylamide gradient transcriptional machinery. Our data demonstrate that a
gel. Coomassie-stained protein bands were excised, in subset of TAFIIs can also associate with another HAT
gel trypsin digested, and proteins identified by mass enzyme, Gcn5 in the SAGA complex. To confirm the
spectrometry. In addition to the eight known Ada and stable association of TAFII proteins with the SAGA com-
Spt components, we also identified a subset of TAFII plex, we performed immunoprecipitation experiments
proteins associated with SAGA (Figure 2A). These in- with highly purified SAGA complex and anti-TAFII25,
cluded TAFII90, TAFII68/61, TAFII60, and TAFII25/23. These -TAFII145, and -Spt3 antisera. Both the TAFII25 and Spt3
results were confirmed by Western blotting, which re- antisera specifically immunoprecipitated the SAGA HAT
vealed that TAFII20/17 also copurified and was present activity, while the TAFII145 antiserum did not (Figure 2C).
in the highly purified SAGA complex (Figure 2B). Mass This result is consistent with the observation that only
spectrometry has also tentatively identified the re- a subset of TAFII proteins, including TAFII25 but not
maining subunitsof the SAGA complex (Figure 2A); how- TAFII145, are stable components of the SAGA complex.
ever, these identifications are still being confirmed.
TAFII proteins were originally discovered and de-
Depletion of TAFII68 from SAGA Perturbsscribed as factors associated with TBP as components
Nucleosomal HAT Activityof the conserved general transcription factor TFIID. TAFIIs
To investigate the effects of TAFII inactivation on thehave been linked to processes as divergent as promoter
integrity and function of SAGA, we used yeast tempera-recognition and topology and basal factor phosphoryla-
tion. Moreover, TAFIIs are required for transcriptional ture-sensitive (ts) mutant strains bearing a mutation in
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Figure 3. Effect of Depletion of TAFII68 on the HAT Activity and Composition of SAGA
(A) Fluorogram of HAT assays. SAGA was purified from wild-type (WT), TAFII68ts2, and TAFII145ts2 mutant strains, which were grown at 258C
to an absorbance at 600 nM of 0.5 and then grown an additional 3 hr at either 258C or 378C. SAGA was partially purified from whole-cell
extracts as described in the Experimental Procedures. SAGA fractions from the final Superose 6 column were incubatedwith either nucleosomes
or free histones in HAT assays.
(B) Western blot analysis of SAGA from wild-type (WT) and TAFII68ts2 strains. Superose 6 fractions of partially purified SAGA complexes were
subjected to Western blotting with the indicated antisera. The calibration of the Superose 6 column was as follows: exclusion volume (blue
dextran), fraction 12; thyroglobulin (669 KDa), fraction 22; ferritin (440 kDa), fraction 26; adolase (158 kDa), fraction 29; and ovalbumin (45
kDa, fraction 32).
TAFII68 or TAFII145. Wild-type and TAFII mutant strains that these proteins are not associated with this complex.
While TAFII68 was missing from the mutant complexwere grown at 258C or shifted to the nonpermissive
temperature of 378C for 3 hr. SAGA was subsequently at 378C, all other TAFII proteins within SAGA remained
associated with the mutant complex at levels roughlypurified from these strains over three columns and
tested for HAT activity. SAGA isolated from the wild- equivalent to those of wild type with the exception of
TAFII90. The TAFII90 protein was reduced to about 50%type and TAFII145ts2 strains grown at either permissive
or nonpermissive temperatures showed no severe dis- (Figure 3B) in the mutant complex from cells grown at
378C. Gcn5 (Figure 3B), Ada1, and Ada2 (data not shown)ruption in SAGA nucleosomal HAT activity. In contrast,
SAGA isolated from the TAFII68ts2 strain grown at 378C also remained associated with the mutant SAGA; how-
ever, Spt3 was markedly reduced within the mutantwas significantly reduced in its ability to acetylate nu-
cleosomal histones but was able to acetylate free his- complex (Figure 3B). These results indicate that TAFII68
is an important component of SAGA, required for bothtones (Figure 3A). Analysis of these gel filtration chro-
matographic fractions by Westernblotting indicates that its integrity and nucleosomal HAT function.
the apparent size of SAGA was reduced in the TAFII68ts2
strain grown at the nonpermissive temperature (Figure Depletion of TAFII68 from SAGA Perturbs
Transcriptional Stimulation3B). We estimate a reduction in size of the SAGA com-
plex from 1.8 MDa (peaking in Superose 6 fractions To identify any role of TAFIIs in SAGA-mediated tran-
scription, we performed in vitro transcription reactions17±19) to around 1.0±1.2 MDa (peaking in fractions 19±
21). It is important to note, however, that the actual using a preassembled nucleosomal HIV-1 promoter and
partially purified SAGA from wild-type or TAFIIts2 mutantsizes of the WT and mutant SAGA complexes could be
considerably different if SAGA is significantly asymmet- yeast strains grown at permissive or nonpermissive tem-
peratures. We have found previously that SAGA canrically shaped. Similar experiments performed using the
TAFII145ts2 (Figure 3A) or TSM1ts2 mutantstrains showed stimulate transcription from this nucleosomal template,
but not from naked DNA (Steger et al., submitted). Asno significant reduction in SAGA nucleosomal HAT ac-
tivity or size (data not shown), consistent with the fact shown in Figure 4A, SAGA isolated from wild-type yeast
TAFII Components of the SAGA Complex
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Figure 4. Effect of TAFII Depletion on SAGA-
Dependent Transcriptional Stimulation from
Chromatin Templates
(A) A reconstituted nucleosomal HIV-1 pro-
moter-5S array fragment was incubated in the
presence (1) or absence (2) of acetyl CoA
with peak Superose 6 fractions of SAGA (Fig-
ure 3) isolated from wild-type (WT), TAFII68ts2,
TAFII145ts2, and TSM1ts2/TAFII150ts2 yeast
strains grown at permissive (258C) or nonper-
missive (378C) temperatures, followed by the
addition of HeLa cell nuclear extract for tran-
scription. Histone-free DNA, containing five
copies of the Gal4 binding site upstream of
the E4 gene, and Gal4-AH were included to
serve as a control for RNA recovery. E4 and
HIV-1 transcripts are indicated. It is important
to note that lanes 1±10 and 11±20 are from
separate experiments, and about half as
much HAT activity (i.e., SAGA) was tested
from the TAFII145ts2 and TSM1ts2/TAFII150ts2
yeast strains (due to the lower concentration
of the preparations) than was tested from the
TAFII68ts2 and WT strains. Lanes 1, 6, 11, and
16 are transcription assays conducted in the
absence of any purified SAGA complexes.
(B) Transcription reactions performed with
immunodepleted SAGA fractions. Peak SAGA fractions from the final Superose 6 column (Figure 1A) were immunodepleted with specific
antisera raised against TAFII145 or TAFII25. Control reactions without any added SAGA (lanes 1 and 2) or supernatants from each reaction
(lanes 3±6) were added to transcription reactions in the presence (1) or absence (2) of acetyl CoA.
grown at either 258C or 378C stimulates transcription was capable of stimulating HIV-1 transcription (Figure
4A, compare lanes 12±15 with lane 11). Moreover, while16- and 13-fold, respectively (compare lanes 2 and 3
with lane 1), in an acetyl CoA±dependent manner. How- transcriptional stimulation remained acetyl CoA±depen-
dent, it was not affected by the shift of the strains to theever, SAGA isolated from the TAFII68ts2 strain, grown
at either permissive or nonpermissive temperature, is nonpermissive temperature. This result is in agreement
with data presented above indicating that TAFII145 andspecifically reduced in thestimulation of HIV-1 transcrip-
tion to3.2- and 1.4-fold, respectively. Thus, the mutation TAFII150 are not components of SAGA and illustrates
that the effect of the TAFII68ts2 mutant on SAGA activityin TAFII68 causes a reduction in the transcriptional func-
tion of SAGA even at the permissive temperature, and in vitro was not an indirect effect resulting from TFIID
defects in vivo.the shift of cells to nonpermissive temperature com-
pletely eliminates remaining activity. A reduction in the To demonstrate directly the requirement of specific
TAFII proteins for the stimulation of transcription by thein vitro activity of temperature-sensitive mutants of tran-
scriptional regulators from cells grown at permissive SAGA complex, we performed transcription assays with
purified SAGA complex following immunodepletion re-temperatures is not uncommon. For example, a similar
defect was seen with ts mutants of TBP (Cormack and actions using either anti- TAFII25 or TAFII145 antisera.
Supernatants from each reaction were tested for tran-Struhl, 1992; Schultz et al., 1992). In addition, transcrip-
tional stimulation by SAGA was dependent on the addi- scriptional stimulation in the presence or absence of
acetyl CoA. We found that the SAGA fraction immunode-tion of acetyl-CoA in all instances, indicating that stimu-
lation requires HAT activity (Figure 4A). The acetyl CoA pleted of TAFII145 retained strong acetyl CoA±depen-
dent transcriptional stimulatory activity, consistent withdependence of transcriptional stimulation also indicates
that SAGA does not function solely by providing extra the fact that TAFII145 isnot part of the SAGA complex. By
contrast, the SAGA fraction immunodepleted of TAFII25TAFII proteins to the reactions. These results are consis-
tent with the necessity of the SAGA complex to have was significantly reduced in transcriptional stimulation
(Figure 4B). Thus, the anti-TAFII25 antiserum immunode-nucleosomal HAT activity to stimulate transcription in
vivo (Kuo et al., 1998; Wang et al., 1998). However, the pletes both the HAT activity and the transcription stimu-
lation activity of the SAGA complex (Figures 2C and 4B).fact that the transcriptional activity of TAFII68ts SAGA
is reduced at permissive temperatures while the HAT These results reinforce the observation that only specific
TAFII proteins are part of SAGA and are required foractivity is not suggests that HAT activity alone is insuffi-
cient for full transcriptional potential. SAGA function.
In a separate control experiment, we isolated SAGA
from TAFII145ts2 or -150/TSM1ts2 mutant strains grown at TAFII68-Depleted SAGA Retains Interactions
with TBPeither permissive or nonpermissive temperatures. While
we were not able to include equivalent amounts of SAGA Since TAFIIs also associate with TBP in the TFIID com-
plex, the deficiency in transcriptional stimulation ob-from the TAFII145ts2 or -150/TSM1ts2 preparations as from
the TAFII68ts2 and wild-type preparations in the tran- served using mutant SAGA could result from a defi-
ciency of the mutant SAGA complex to interact withscription assays, it is clear that SAGA from these strains
Cell
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and TAFII20/17 with SAGA HAT activity and their pres-
ence in the purified complex (Figure 2). Third, depletion
of TAFII68 from SAGA resulted in a reduction of the
apparent size of SAGA (Figure 3B). Fourth, depletion
of TAFII68 disrupted both nucleosomal acetylation and
transcriptional stimulatory capabilities of the SAGA com-
plex (Figures 3A and 4). TAFIIs were originally discovered
as proteins associated with TBP as components of the
TFIID complex, which is required for transcription initia-
tion by RNA polymerase II (pol II) (reviewed in Burley and
Roeder, 1996; Tansey and Herr, 1997). TFIID recognizes
and binds the TATA box within the core promoter, which
is thought to initiate sequential binding of other general
transcription factors and pol II itself. Our results illustrate
an additional novel role for a subset of these TAFII pro-
teins outside of the context of TFIID. The data presented
Figure 5. Effect of TAFII Mutations on SAGA Interaction with Tran- here indicate that TAFII90, -68/61, -60, -25/23, and -20/17scription Factors In Vitro
play a separate role in the process of Gcn5-dependent
GST pull-down assays. GST and GST fusions of TBP, Gcn4, and
transcriptional activation, which also involves histonethe activation domain of VP16 were bound to glutathione Sepharose
acetylation (Kuo et al., 1998; Wang et al., 1998).4B beads and incubated with peak wild-type (WT)or TAFII68ts2 SAGA
The finding that certain TAFIIs are components ofSuperose 6 fractions from strains grown at 258C or 378C. Standard
HAT assays were performed with free histones and either 10% of the SAGA complex explains a recent insightful report
input material (In), 25% of supernatants (S), or 50% of beads (B). that indicated an interaction between Ada2, Ada3, and
Fluorograms of HAT assays are shown with the migratory positions TAFII20/17, -60, and -90 in yeast extracts and furtherof histones H3 and H4 indicated.
suggested that about 10% of these TAFIIs could appar-
ently exist outside of TFIID (Drysdale et al., 1998). In-
deed, our results link members of three distinct classes
TBP (Roberts and Winston, 1997). To address this possi- of gene products, namely Ada, Spt, and a TAFII proteins,
bility, we examined the ability of wild-type and mutant in a single multimeric transcriptional adaptor complex.
SAGA to associate physically with a Glutathione S-Trans- Indeed, members from each class of protein have been
ferase (GST)-TBP fusion protein in vitro. SAGA isolated demonstrated to be essential for SAGA function, being
from the TAFII68ts2 strain was found to not be signifi- required for structural integrity, nucleosomal histone
cantly affected in its ability to interact directly with TBP acetylation, or transcriptional activation (Grant et al.,
(Figure 5). Within TFIID, TAFII145 is the only TAFII known 1997, 1998; Wang et al., 1998; Figures 3 and 4). This
to contact TBP directly (Reese et al., 1994). Thus, by association of multiple transcriptional regulatory pro-
analogy, it is also possible that the TAFII components teins may confer upon SAGA the ability to respond to
of SAGA, which do not include TAFII145, may not directly a range of stimuli and to interact with numerous activa-
mediate the interaction with TBP. TBP interaction might tors, with the potential to regulate a broad range of
instead be mediated by the Spt proteins in SAGA. promoters. However, SAGA components are required
SAGA also physically interacts with activation do- only for the expression of a subset of yeast genes (Geor-
mains from acidic activators such as VP16 and Gcn4 gakopoulos and Thireos, 1992; Brandl et al., 1996; Mar-
(Grant et al., 1998; Utley et al., 1998). The TAFII compo- tens et al., 1996; Saleh et al., 1997; Welihinda et al.,
nents may serve as an activation domain receptor for 1997). This may indicate a functional redundancy be-
numerous activators (Tansey and Herr, 1997). Therefore, tween SAGA and other native Gcn5-dependent and
we tested whether TAFII68 mutant SAGA was defective -independent histone acetyltransferase complexes in
in directly interacting with either of these acidic activa- yeast (Grant et al., 1997; Pollard and Peterson, 1997;
tors. As shown in Figure 5 (lanes 7±10), both wild-type Ruiz-Garcia et al., 1997) and/or other transcriptional reg-
and TAFII68 mutant SAGA directly interacted with Gcn4 ulatory complexes (i.e., SRB/mediator and SWI/SNF;
and the VP16 activation domain, in vitro, arguing that Roberts and Winston, 1997).
in SAGA, TAFII68 is dispensable for this interaction.
Histone-like TAFII Homologs Are Associated
Discussion with SAGA
TAFII68 is an apparently essential component of SAGA
A Subset of TAFIIs Are Components of SAGA required for the nucleosomal acetylation activity of this
We have presented several lines of evidence which dem- complex and also for transcriptional activation. How-
onstrate that certain TAFII proteins, outside of the con- ever, TAFII68-depleted SAGA is still capable of inter-
text of TFIID, are integral components of the histone acting with TBP and acidic activators such as Gcn4 and
acetyltransferase/transcriptional adaptor complex SAGA. VP16 in vitro. These data collectively support a model
First, TAFII90, TAFII68/61, TAFII60, and TAFII25/23 were where TAFII68 protein within SAGA functions in nucleo-
identified as proteins contained ina highly purified SAGA some recognition or histone presentation. This activity
complex by mass spectrometry. Second, Western blot- endows upon Gcn5 the ability to acetylate nucleosomal
ting and immunoprecipitation experiments with anti- substrates, which in turn is required for Gcn5-dependent
transcriptional activation in vitro and in vivo.TAFII antisera confirmed the copurification of these TAFs
TAFII Components of the SAGA Complex
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column, as described above.Peak Superose 6 fractions were dilutedOur data provide a functional link between histone-
to 100 mM NaCl, concentrated to 0.7 ml, and directly loaded ontolike TAFs and histones. yTAFII68 is the ortholog of the
a Mini Q PC 3.2/3 column (Pharmacia). Bound proteins were elutedDrosophila dTAFII30a/28 and the human TAFII20 pro- with a 2 ml gradient from 100 mM to 500 mM NaCl.
teins, which are related in sequence and structure to SAGA was also partially purified from 4 l of wild-type, TAFII68ts2,
the core histone protein H2B (Hoffman et al., 1996; Xie TAFII145ts2, and TSM1ts2/TAFII150ts2 mutant strains, which were
grown at 258C to an absorbance at 600 nM of 0.5 and then grownet al.,1996). Furthermore, two otheryTAFIIs within SAGA,
an additional 3 hr at either 258C or 378C (Walker et al., 1996). Whole-yTAFII60 and -17, are homologs to dTAFII60/62 and -40/
cell extracts were prepared by glass bead disruption of cells, and42, respectively, which along with their human counter-
SAGA was purified using 5 ml of Nickel-NTA agarose, Mono Q HRparts share sequence similarities with histones H3 and
5/5 column, and Superose 6 HR 10/30 columns, as described above.
H4 (Burley and Roeder, 1996; Hoffman et al., 1996; Xie The calibration of the Superose 6 column for these samples was as
et al., 1996; Tansey and Herr, 1997). Biochemical and follows: exclusion volume (blue dextran), fraction 12; thyroglobulin
(669 KDa), fraction 22; ferritin (440 KDa), fraction 26; adolase (158crystallographic studies of both Drosophila and human
KDa), fraction 29; ovalbumin (45 KDa, fraction 32).TFIID have suggested that this complex contains a his-
tone octamer-like substructure (Hoffman et al., 1996;
Mass SpectrometryNakatani et al., 1996; Xie et al., 1996). The dTAFII42 and
Peak fractions from the final gel filtration Superose 6 column (Figure
dTAFII62 proteins form a heterotetramer, resembling the 1A) were precipitated and electrophoresed through a 4%±20% SDS-
H3/H4 heterotetrameric core of the histone octamer, polyacrylamide gradientgel. Coomassie-stained protein bands were
via their canonical histone fold domains, which act as excised and in gel trypsin digested (Shevchenko et al., 1996). Pro-
teins were identified by micro column high-performance liquid chro-extended dimerization domains. It is likely that these
matography electrospray ionization tandem mass spectrometry andsame histone-like yTAFIIs mediate protein:protein inter-
database searching. A 100 3 365 mm fused silica capillary (Poly-actions within SAGA. It might be coincidental that the
metrics Inc., Phoenix AZ) was used to construct the microcapillary
histone-fold TAFs in SAGA are required for nucleosome (Gaitlin et al., 1998). The end of the capillary was pulled to 2 mm tip
acetylation by the complex. However, it is also interest- and packed to a length of z10 cm with 10 mm POROS 10 R2 reverse-
ing to consider the possibility that the histone folds phase material (Perseptives Biosystems, Framingham, MA). The
sample was directly loaded onto the microcolumn by helium pres-within SAGA play a more direct role by interacting with
surization of the sample in a stainless steel bomb (Yates et al., 1994).nucleosomal histones or DNA.
Liquid chromatography was carried out using a dual syringe pump
(Applied Biosystems, Foster City, CA). The mobile phase consisted
Experimental Procedures of 0.5% acetic acid (solvent A) and 80:20 acetonitrile/water con-
taining 0.5% acetic acid (solvent B). A precolumn split was used to
Yeast Strains deliver a flow rate of 250±400 nL per minute through the column.
SAGA was purified from the yeast strain CY396 (swi2D::HIS3 HO- The HPLC pump was programmed to ramp solvent B from 2% to
lacZ SWI2-HA-6HIS::URA3) and is as described (Peterson et al., 60% in 30 min. Electrospray ionization was carried out at a voltage
1994). The TSM1ts2 strain and the TAFII145 ts-1 strain YSW90 have of 1.8 kV. Tandem mass spectra were automatically acquired during
been described previously (Walker et al., 1996). The TAFII68-9 tem- the entire gradient run (Link et al., 1997).
perature-sensitive strain will be described elsewhere (J. C. R., un- The S. cerevisiae protein database was obtained from the Sac-
published data). charomyces Genome Database at Stanford University. Tandem
mass spectra were searched against this database using the
SEQUEST program (Eng et al., 1994). Sequences for bovine trypsinPurification of SAGA and Mutant Complexes
and human keratin were included to facilitate identification of poten-SAGA was purified using a scheme adapted from Grant et al. (1997)
tial contaminants. Every sequence with high scores that matchedand illustrated in Figure 1. Elution of SAGA from each column was
to a tandem mass spectrum was manually verified to insure themonitored by HAT assays and immunoblotting. In brief, whole-cell
match was correct.extracts were prepared from 75 l of the yeast strain CY396 grown
to mid-log phase. The extract was bound batchwise with 80 ml of
HAT Assays and Western BlottingNi21-NTA agarose (Qiagen). The resin was then washed in a column
HAT assays were performed as described previously (Grant et al.,with 20 mM imidazole, followed by elution of the bound proteins
1997). For the immunoblots, whole-cell extracts were prepared aswith 300 mM imidazole. The Ni21-NTA-agarose column eluate was
described above, followed by protein concentration determination.directly loaded onto a Mono Q HR 16/10 column (Pharmacia). Bound
Equivalent amounts of protein from each sample were then sub-proteins were eluted with a 10 ml linear gradient from 100 to 500
jected to SDS-polyacrylamide gel electrophoresis (SDS-PAGE) onmM NaCl. Peak SAGA fractions were pooled, diluted to 100 mM
a 10% gel, transferred to nitrocellulose, and processed for immu-NaCl, and loaded onto a Mono Q HR 5/5 column (Pharmacia). Bound
noblotting.proteins were eluted with a 25 ml linear gradient from 100 to 500
mM NaCl. Peak fractions from the Mono Q column were pooled and
diluted to 100 mM NaCl and loaded onto a Mono S HR 5/5 column Transcription, Immunoprecipitation, and GST
Pull-Down Assays(Pharmacia). Bound proteins were eluted with a 25 ml linear gradient
from 100 to 500 mM NaCl. Peak fractions were diluted to 100 mM For transcription assays, a reconstituted nucleosomal HIV-1 pro-
moter-5S array fragment was incubated in the absence or presenceNaCl and loaded directly onto a 0.8 ml histone agarose column
(Sigma). Bound proteins were eluted with a 8 ml linear gradient from of acetyl CoA with peak Superose 6 fractions of SAGA isolated
from wild-type, TAFII68ts2, TAFII145ts2, and TSM1ts2/TAFII150ts2 yeast100 mM to 1 M NaCl. Peak fractions were concentrated down to
0.7 ml using Centriprep-30 (Millipore). Samples were then loaded strains grown at 258C or 378C, followed by the addition of HeLa
cell nuclear extract for transcription, as described (Steger et al.,on a Superose 6 HR 10/30 column (Pharmacia) equilibrated with
250 mM NaCl. The calibration of the Superose 6 column was as submitted).
Immunoprecipitation experiments were performed as follows. Forfollows: thyroglobulin (669 KDa), fraction 24; ferritin (440 KDa), frac-
tion 27; adolase (158 KDa), fraction 30; ovalbumin (45 KDa), fraction each reaction, equivalent titers (typically 10±40 ml) of antiserum
raised against TAFII145, TAFII25, or Spt3 were incubated with 20 ml33/34. Peak Superose 6 fractions were diluted to 50 mM NaCl and
loaded onto a 1 ml native DNA cellulose column (Pharmacia), and of protein A±Sepharose resin (Pharmacia) for 1 hr at room tempera-
ture and washed with binding buffer (50 mM HEPES [pH 7.5], 150bound proteins were eluted with a 10 ml gradient from 50 mM to 1
M NaCl. Peak fractions were concentrated down to 0.7 ml using mM NaCl, 10% glycerol, 0.1% Tween 20, 0.5 mM DTT, 1 mM PMSF,
2 mg/ml leupeptin, 2 mg/ml pepstatin A). Equivalent amounts ofCentriprep-30 and were then loaded on a Superose 6 HR 10/30
Cell
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purified SAGA complex from the final Superose 6 column (Figure A.G. (1998). The Gcn4p activation domain interacts specifically in
vitro with RNA polymerase II holoenzyme, TFIID, and the Adap-1A) were incubated with the indicated immobilized antiserum in
Gcn5p coactivator complex. Mol. Cell. Biol. 18, 1711±1724.binding buffer for 2±16 hr at 48C on a rotating wheel. Supernatants
were collected, and the beads were subsequently washed three Edmondson, D.G., Smith, M.M., and Roth, S.Y. (1996). Repression
times with binding buffer. Input material, supernatants, and beads domain of the yeast global repressor Tup1 interacts directly with
were directly assayed for free histone acetyltransferase activity, or histones H3 and H4. Genes Dev. 10, 1247±1259.
supernatants were assayed in transcription assays. Eng, J.K., McCormack, A.L., and Yates, J.R., III (1994). J. Am. Soc.
Pull-down assays were performed as follows. GST and GST fu- Mass Spectrom. 5, 976.
sions of TBP, Gcn4, and the activation domain of VP16 were purified
Fletcher, T.M., and Hanson, J.C. (1996). The nucleosome array:
from bacterial extracts by binding to glutathione Sepharose 4B structure/function relationships. Crit. Rev. Eukar. Gene Expr. 6,
beads (Pharmacia) and cross-linking with dimethylpimelimidate 149±188.
(Sigma). Equivalent amounts of SAGA complexes, as judged by
Gaitlin, C.L., Kleemann, G.R., Hays, L.G., Link, A.J., and Yates, J.R.,Western blotting and HAT assays, were initially precleared with glu-
III (1998). Protein identification at the low femtomole level from silvertathione Sepharose beads and then incubated with the indicated
stained gels using a new fritless electrospray interface liquid chro-immobilized GST-fusion protein for 1 hr at 48C in binding buffer (see
matographyÐmicrospray and nanospray mass spectrometry. J.above) on a rotating wheel. Supernatants were collected, and the
Anal. Biochem, in press.beads were subsequently washed three times with binding buffer.
Georgakopoulos, T., and Thireos, G. (1992). Two distinct yeast tran-Input material, supernatants, and beads were directly assayed for
scriptional activators require the function of the GCN5 protein tofree histone acetyltransferase activity.
promote normal levels of transcription. EMBO J. 11, 4145±4152.
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